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1. NOTATION

speed of sound

1ift coefficient

drag coefficient

pitch moment coefficient (referred to the 1/4 line)
pressure coefficient P ~ Pw

pressure coefficlent agm MaL = 1.0

pressure coefficient at the profile trailing edge
tunnel height

net 1ines on the profile

transonic similarity parameter

profile chord

Mach number, V/a

local Mach number

arbitrary iteration step

static pressure (local)

static pressure of incident flow

stagnation pressure of incident flow p/2 o V2

Reynolds number peV el
u

separations of net lines on the profile
incident speed

dimensionless x-coordinate of the profile
neutral point position

shock position

transformed ordinate

dimensionless profile thickness

geometric angle of attack

corrected angle of attack (downwind correction)
circulation

maximum profile thickness

density

transonic perturbation potential

dynamic viscosity

ratio of specific heats (x = 1.4)
relaxation factors
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2. DEVELOPMENT AND TESTING OF SUPERCRITICAL PROFILES /6

2.1 DIRECT-INVERSE METHOD FOR CALCULATING TRANSONIC PROFILE FLOW

‘Several design methods for transonic profiles are known. Sev-
eral hodograph and relaxation methods [1] have become very important.
Within the framework of this study, we developed an inverse relax-
ation method because it is simpler to operate in the physical plane
than using the complex hodographe. Alsc it is impossible to general-
ize to the three-dimensioral deslign case in a relatively simple
manner.

2.1.1 The direct method (Figure 1)

The modified method of Murman, Cole, Krupp 1s used as the point
of departure. Through partial linearization, introduction of g trial solu-
tion for the perturbation potentiai, matching of the introduced
similarity parameter and the ordinate transformation we obtained
the transonic potential equation for the perturbation potential
¢ (Equation(l) from the exact potential equation. This is shown by
Equation (1), Figure 1 which can be used for flows containing shocks.
The solution of this mixed differential equation 1s done using the
boundary condition on the profile according to Equation (2), con=-
ditions of infinity according to Equation (3) and the Kutta condi-
tion according to Equation (4)., This is done numerically by trans-
forming it into a difference equation.

For this purpose a network is placed over the flow fleld and for
each node point we formulate a difference equation corresponding to
each flow state, For each column we find a tridlagonal equation
system which 1s closed by means of a boundary condition. Since the
coefficients of this equation system depend on its solution, the
solution is then iterated using a relaxation method. Iteration is
performed until a certain column conversion criterion is satisfied.
Then it advances to the next column until the entire field 1s covered.
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The field must be analyzed by iteration until a certain convergence /7

criterion is satisfled. From the known potential distribution, we
obtain the pressure distribution by means of numerical differentiation
according to Equation (5). By integrating it over the profile we

find the 1ift coefficient according to Equation (6).

2.1.2 The inverse method (Figure 2)

A successful way for the development of an inverse method was
taken by Langley (1]. He starts with the fact that the flow has no
vortices (Equation (7), Figure 2). By means of extrapolation and
differentiation between two field iterations, Qxy over the profile
we determine the pressure distribution according to Equation (8).
The latter can also be used for a non-equidistant network, in con-
trast to Langley. The integration of ¢x? over x according to Edqua-
tion (9) results in Qy according to Equation (10). This new °§ is
substituted into the direct method jJust as 1n the recalculation
problem, In order to avoid jump changes, two relaxation factors are
introduced. In addition, it is assumed that the profile nodes (up
to 5% of the chord) are given, This restriction, however, is not very
restrictive in practice.

2.2 The design cycle of supercritical profiles

Establishing this computation method is not enough for carrying
out a proflle design, because 1t 1s just as important to know the
boundary layer as to kiow the external flow. The computation methods
must be combined into a meaningful iteration cycle. The design
cycle shown in Figure 3 applies if the direct method and the boundary
layer method are available, This design cycle is based on the class-
ical concept of the "profile plus displacement thickness". At the
beginning we have the design requirements and the initial profile.
During the design the aerodynamic and structural requirements are
tested again and again until the requirements are met. In an inter=-
nal loop, the contour has to be changed until the pressure

/8
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distribution meets the requirements. The first potential design

was made according to this method. This rather difficult method

is considerably facilitated by using the direct-inverse method, which
was used for the other two profiles (Figure 4). The profile design,
however, still remains a process which is too compiicated so that it
could be performed with simple computation. 1In addition, the pro-
file is only as good as the weakest link in the transonic method-
boundary method-wind tunnel chain,

2.3 Example of a transonic profile flow

From the following example we will clarify the influences men-
tioned. Figure 5 shows the profile end of the AIRBUS profile with
the theoretical displacement thicknesses for two cases above the
design Mach number Ma = 0.725. Since the wake flow of the profile
influences the circulation, we can see from this figure that the
boundary layer must have a great influence on the profile flow.
Curve 1 in Figure 6 shows measurements and calculations without the
influence of the boundary layer. As expected, there is a wide dis-
crepancy. If we consider the influence of the displacement thick-
ness we obtain the result shown in Curve 2 of Figure 6. If we con-
sider the jet curvature correction of the corresponding wind tunnel,
which depends on the 1ift coefficient and the Mach number,
we obtain Curve 3 as a result, which agrees very well with measurements.

2.4 Design of airfoll profiles for commercial alrcraft

In the commercial aircraft we are most interested in the most
economic cruise condition. This depends greatly on the shape of the
wing, and the base profile is very important. Figure 7 shows the
required design point for the two-dimensional base profile, The /9
required 1ift coefficients depend on the sweep angle and the intended
flight altitude at a given cruise Mach number. Here we will attempt
to reach points as far to the right as possible using 12% thick pro-
files. The AIRBUS profile is used for comparison. Figure 8 shows

.
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the most important design characteristics cf the profiles developed
here. The geometric shape of the profiles is shown in kigure 9.

With the first profile (CAST 7), the design specification is
already satisfled. Also, the sweep of the AIRBUS can be reduced from
25° to 12°, Therefore, the second profile (CAST 10-2) was designed
for the smallest possible pitch moment and the greatest thickness at
the end of the profile in order to install a light flap system. A
slight deterioration of the aerodynamic properties was acceptable.

In the third profile (CAST 12-1) the highest design Mach number

(Ma = 0,78) was desired. Pitch moment was not to be larger than that
of profile CAST 7 and compared with it, we wish to achleve a struc-
tural improvement, that 1s,a thicker profile tip.

2.5 Wind tunnel testing of the designed profiles

The three profiles were tested in the 1 x 1 meter transonic wind
tunnel of the DFVLR~(AVA) Goettingen [2-3] in a Mach number range
between Ma = 0,50 and Ma = 0,90. Geometric angles of attack variled
between a=-2° and a=9°, The span of the model was B = 1000 mm and
the profile chord was 1 = 200 mm. The Reynolds number referred to
the wing chord was Re = 2,4 106. The measurements for investigat-
ing profiles were carried out using a smooth model, that 1s a nodel
without transition strips. The model is shown in Figure 10. Details
about the test conditions and instrumentation of the model were given
in [4]. The results are presented in [4] and [5]. Figure 11 shows /10
the measured and calculated pressure dist.-ibution of the various pro-
files at the theoretical design point as well as the theoretical
transition point of the boundary layer. If we consider the fact that
the measured operating polnts in general do not agree with the theo-
retical design point, we can say that this agreement is good in all
three cases. Figure 12a to 12c¢ show the pressure distributions of
the profiles in the vicinity of the drag increase and the variations
of the 1ift coefficient and the drag coefficient as a function of
Mach number for the designed angle of attack.
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Figure 13 can be used to find the moments of the various pro-
files for the crulse state. From Figure 14 we can find the neu-
tral point positions. The profile CAST 10-2 has the smallest
pitch moment so that if it 1s used, we can expect the smallest
trim drag for 1it.

Figures 15 and 16 show the profile limit curves which are very
important ir practice., We can see the drag rise boundary from Figure
15 and the buffet boundary in Figure 16. In both cases, we see a
sufficlently large 1ift reserve and Mach number reserve vetween the
design requirements and the boundary curve. The improvement with
respect to the AIRBUS profile 1s clear. However, we should consider
the fact that this proflle was measured under different conditions
(Re = 6 -« 106, forced transiticn at 7%). In the second following
part we will discuss the influence of the Reynolds number and trans- [
ition. ‘

3. INFLUENCE OF REYNOLDS NUMBER AND TRANSITION ON THE FLOW DEVEL- /11
OPMENT AROUND SUPERCRITICAL PROFILES*

3.1 General remarks

For a long time it was belleved that the influence of viscosity
and, therefore, of Reynolds number was small in the transonlc range.
And then 1t was possible to determine the flow development of a full
scale model 1if transition strips were applied to models to determine
wind tunnel data and i1f the Reynolds number of the model tests were

above a certain minimum Reynolds numbter Re = 1 - 106 referred to the

average wing chord [6]. The development of modern transonic transport
aircraft with new profile shapes, however, has shown that the forced é
transition of the laminar btoundary layer in the wind tunnel model 1s

not sufficient alone any more for determining the behaviour

of full scale models [7]. The transport aircraft C-141 is a classical
example of this, and relatively drastic distances between the

% By transition, we mean primarily forced transition.
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extrapolated wind tunnel data and flight tests, especlally regard-
ing the pitch moments, were found [8]. The differences in the

pitch moments resulted from the fact that the shock positions and

the top side of the wing of the wind tunnel model were different than
that of the full scale model. Later on 1t was found that the diff-s-
ences in the shock position were the result of a flow developmen*

over the wing, which is determined by the interaction between a
tralling edge separation and the local interference of the compression
shock with the turbulent boundary layer. The decisive factor here

is that the development of the trailing edge separation, the occur-
ence of separation itself and the propagation of the separated region
depend greatly on the boundary layer characteristics with increasing
Mach number or increasing angle of attack, and in particular, they
depend on the boundary layer thickness ahead of the compression

shock [9]. Different possible development forms of separated regions/12
over transonic profiles were described by Pearcey et al in [7].

3.2 Program for determining the influence of Reynolds number and

transition

The differences 1in the shock poslition which depend on Reynolds
number and transition and, therefore, the aerodynamic coefficlents,
were observed primarily for those wing configurations whose profiles
are characterized by a large pressure increase near the trailing edge
(Rear loading) and a small Mach number gradient ahead of the shock
on the suction side of the profile (Roof Top distribution of pressure).
The CAST profiles investigated here have this characteristic feature
in the important downstream regions; therefore, measurements at
different Reynolds numbers with free and forced transition were
carried out with profiles CAST 7 and CAST 10-2, and in the latter
case, both the position as well as the roughness of the roughness
strips wa~ varied [12]. Table 1 gives details of the program.

The transition strips were made of carborundum grains which were
applied both to the pressure side and the suction side of the wing.
They extended over the entire span and have a width of about 2.5 mm
or 1.25% of wing chord.
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3.3 Results

In the following part we will give selected examples tc show
a summary of the influence on Reynolds number and transition on the
flow development over the supercritical profiles. We also wish %o
validate the data for transfer of results to the large full scale
model in a critical model. For this purpose we use the results of
profiles CAST 7 and CAST 10-2 because they were available. The
totality of the results is given in [12].

~N
[
)

|

3.3.1 Influencing of 1ift and drag in the investigated angle

of attack range

Figure 17 shows the 1ift and the drag es a function of angle of
attack for the profile CAST 7 (SP 120) at a Mach number Ma = (.70.
The Reynolds number and the granularity of the transition strip are
the parameters. As can be seen, the influence of these parameters
on the 1i1ft is relatively small in the lower angle of attack range (a<l.0°).
The changes caused by Reynolds number in general are somewhat greater
than those which result from a variation of the grain diameter. In
this angle of attack range the changes in the 1ift or in the pressure
distribution are primarily the consequence of the change in the dis-
placement thickness of the profile. 1In the upper angle of attack
range the influence of Reynolds number and transition 1s substantially
greater. For example, it can be clearly seen that for forced trans-
ition at 5% of the profile chord the flow is already separated for
the most part. For free transition and Re = 2,3 - 106, it seems
to still be completely attached., We will discuss this behavior using
the example of even larger Mach numbers,

The drag in the region ahead of the drag increase depends only
slightly on the Reynolds number. However, it increases drastically
with increasing granularity diameter. In the region of the large
drag increase Cw increases with Reynolds number, which in part can
be attributed to a tralling edge separation which occurs at the higher
numbers.

10
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Figure 18 shows the 1ift and the drag as a function of angle
of attack for the same profile (CAST 7) for a Mach number of Ma =
0.765; the desizn Mach number is Ma = 0.76. A comparison with
Figure 17 shows clearly that the influence of Reynolds number and
transition here 1i1s substantially greater which is primarily due to
the stronger shocks which occur here in the larger pressurc gradients
and the related increased danger of local separation. We will indi~ /14
cate here that the influence of the granularity diameter on the 1ift
behavior is relatively slight. This is due to the fact that the
boundary layer, after i% has renached a certaln thickness, does not
cause any substantial changes in the flow development if it 1is en-
larged nore.

3.3.2 Flow development as a function of Reynolds number and

transition

In the following we will briefly describe the flow development
which leads to the strong influencing of the 1ift and the drag using
the results of the profile CA3T 10-2 (SP 220). Figure 19 shows the
1ift and the drag as a function of angle of attack at Mach number
Ma = 0,765 once again and free and forced transition. 1In the case
of forced transition the pesition of the transitilon strip but not the
granularity was varied.

It is remarkable that even in the linear CA range (Section I)
there is a strong dependence of 1ift on Reynolds number and trans-
ition. CA decreases with increasing Reynolds number whereas by
increasing the backward position of the transition strip results in
an .ncrease in 1lift. The resistance increases with decreasing back-
ward position of the roughness strip and increasing Reynolds number,
which in part can be attributed directly to the increase in the path
lengths of the turbulent boundary layer.

Figure 20 shows the pressure distributions ~--r&cponding to
several sections I of Figure 19. It can be seen -:u° the compression
shock migrates towards the wing trailing edge with increasing back-
ward positicn of the roughness strip, and towards the thock pozition

11

s
ol mew e



.

S ST
.BT' [

oy 5~ e .

for free transition and Re 2.35 ¢ 106. The pressure recovery up
to the trailing edge increases. For forced transition there 1s a
great thlckening and finally a separation of the boundary layer,
and the extent of thls increases as the transition strip is moved
forward, For free transition the flow is attached up to the

tralling edge.

The pressure distributions in Figure 20 are good examples for /15
the influence of the initial boundary layer thickness, that is, the
boundary thickness ahead of the shock, and the flow development at
the wing trailing edge. A displacement of the transition strip to
the leading edge of the wing results in a thicker boundary layer
ahead of the compression shock in spite of the greater path length
of the turbulent boundary layer. This leads finally to the
interference of the compression shock with the boundary layer [7],
to trailing edge separation and a corresponding displacemant of the
compression shock in the forward direction. The relatively low Mach
number ahead of the shock (MaL N 1.20) indicates that there still is
no clear shock-induced separation here [10]. The exact dimensions
of the separated region cannot be determined from the pressure dis-
tribution in the form avallable here. A method with which it is
possible to determine the development of the separated reglon of a
profile using the pressure distribution was given in [9].

The 1ift variation in the region of Section II 1n Figure 19
gives information about the dependence of the size of the separated
regions (here with lncreasing angle of attack) as a function of the
initial boundary layer thickness. As can be seen here the 11ift
increase in the case of free transition decreases only gradually to
zero for the Reynclds numbers Re = 1,35 o 106 and 2.35 - 106 and
when there 1s a transition strip at 45% of the wing chord. For
free transition Re = 3,59 106 and in the case of the other posi-
tions of the transition strip, this happens abruptly. From this
we can conclude that the separated regions, when there is a thick
boundary layer ahead of the shock, will propagate much faster with
increasing angle of attack than if there 1s a thin boundary layer.

12
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A similar variation with increase in Mach number was already dis-
cussed in [9]. Figure 2la shows the pressure distributions corr- 4l§
esponding to Section II of Figure 19 on the suction side of the
profile. The pressure variation behind the shock clearly shows the
large differences in the propagation of the separated regions. It
can be seen that the separated region in the case of free transition
and Re = 3.5G -« 106 extends from the compression shock up to behinc
the profile trailing edge. For forced transition, there is a shock-~
induced separation at U45% of the wing chord with subsequent reattach-
ment and a second separation in the vicinity of the trailing edge.

In the case of low Reynolds numbers and free transition, essentially
there 1s a locally limited shock-induced separation. We find here
the pressure distrlbution which is typlcal for the interference of an
initially laminar boundary layer with compression shock: a slight
increase in the pressure, caused by the compression waves which
emanate from the separating laminar boundary layer, followed by a
strong pressure increase at the point where the compression shock
intersects the boundary layer which has now become turbulent. Because
of its small thickness, it is able to overcome both the pressure
increase 1In the shock as well as the followlng pressure increase up
to the tralling edge, without substantial separation.

Cahill in [11] showed that pressure distributions for low Reynolds
numbers and initially laminar shock boundary layer interference (trans-
itional interaction) 1n general agree very well with pressure dis-
tributions at substantially higher Reynolds numbers and turbulent
interference. Therefore, he suggests an experiment with a small
Reynolds numbce and an initlally laminar shock boundary layer inter-
ference as one of the possibilities ror simulating the flow behavior
at high Reynolds numbers. However, as the curve for free transition
and Re = 1.35 - 106 in Figure 2la shows, 1t seems to be important to
select the Reynolds numbers in suc'. a way that the dimensions of
the inltially laminar separation bubble remaln as small as possible.

In addition to the pressure distribution on the suction side,
Figure 21b shows the Cp distribution on the pressure slde of the

13



“'“-'f{:!

profile for several test conditions corresponding to Section II of
Figure 19. As can be seen, the flow here encounters an additional /17
acceleration because of the drop in the tralling edge pressure, which
then leads to the reduction of the 1ift shown 1n Figure 19. We also
have superimposed the influence of the position of the transition

point of the boundary layer onto the displacement thickness, and,
therefore, the related changes in the effective shape. Of course,

a similar influencing occurs on the suction slde of the profile ahead
of the shock, but it is less important for the development of the

flow, which leads to the scale effects observed here.

3.3.3 Influenclng of characteristic parameters of the profile
flow

Figure 22 shows the dimensionless position of the compression
shock as a function of the pressure coefficlent at the wing trailing
edge for different incident flow conditions, for free and forced
transitions. It can be seen that independent of the transition
type we have essentially a linear relationship between the trailing
edge pressure and the shock position. As already shown, the shock
migrates upstream with dropping pressure at the trailing edge. It
has to select its position in such a manner that behind e shock a
pressure develops which 1is compatible with the pressure dis-
tribution which has changed because of the boundary layer separation
up to the tralling edge. Pearcey already in [10] pointed out this
relationship and its analogy with the flow in a supersonic diffuser.
The pressure gradient ahead of the compression shock 1s very small
in the critical incident flow regions, as Figures 20 and 21 show.
Because the intensity of the compressica shock and, therefore, the
pressure behind the shock remain almost constant, the matching to
the changed trailing edge pressure can only occur in the subsonic
region between the shock and the trailing edge. A relatively large
change in the shock position 1s required to achieve this. For a
large positive Mach number pradient - ahead of the shock, the reduction
of the Mach number caused by the shock migration ahead of the shock and
the related reduction of the pressure behind the shock contribute to

14
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the matching with the changed tralling edge pressure. The rela- /18
tionship tetween the shock position and the tralling edge pressure

for a profile with a strong positive Mach number gradient is shown

in Figure 22 with a dash and dot line (according to [11]). As can

be seen, the shock migration i1s substantially smaller with changing
trailing edge pressure than in the case of the CAST profile. The

magnitude of the changes in the coefficient of the CAST profiles

when the Reynolds number changes and when there is transition is,
therefore, essentially a consequence of the "roof top" distribution
of the pressure, or of the Mach number on the suction side of the
profiles. The occurrence of the scale effects here is essentially
a consequence of the sensitivity of the tralling edge separation
and its development wilth respect to changes in the initial boundary
layer thickness,

Figure 23 shows the trailing edge pressure, shock position and
pitch moment directly as functilons of the Reynolds number for free
and forced transition for the iIncident flow quantities of Section II
in Figure 19. A comparison of the tralling edge pressure for free
transition and for forced transition at 15% of wing chord shows a
similar dependence on Reynolds number. From thls we can conclude
that the transition point for free transition and a Reynolds number
Re = 3,1 - 106 has reached a wing chord of about 15%. When the
Reynolds number 1s increased, it migrates further towards the wing
leading edge, and, therefore, in the case of forced transition, 1t
migrates ahead of the roughness strip*, If the Reynolds number is
increased further, the transition point reaches its most foremost
position. After this there is a reduction in the initial boundary
layer thickness. According to the discussion above, this must result
in an increase in the trailing edge pressure and, therefore, a back-
wards displacement of the shock.

The shock reacts as descrlibed above for all of the test condl- /19

————

—
The result for forced transition at 5% of wing chord indlcates that
the transition does not here occur here at the position of the roughness strip.

15
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tions investigated here, as the middle diagram of Figure 23 shows.
The variation of the pitching moment essentlally 1s a consequence
of the change in the shock position. The absolute magnitude, how-
ever, depends on the influence of the pressure distribution along
the underside of the profile.

3.3.4 Influencing of the buffet and the drag rise boundary

The discussion above, of course, poses the question as to how
the flow will develop for much higher flight Reynolds numbers. We
will give a brief discussion of the importance of this question.

The buffet boundary is reached (by definition) as soon as the
pressure coefficient at the trailing edge goes below the value of
Cp = 0,10, This value is shown on the left in the left diagram of
Figure 23 as a dash and dot line. As can be seen, CpHK lies at 45%
of the wing chord above this value in the case of a Reynolds number
of Re = 1.35 + 10° and Re = 2,35 « 10°
pressure coefficient for all of the other test conditions investigated
here lies below this value. This means that at Ma = 0,765 and Oorp
3.51° the buffet limit has not yet been reached or has already been
exceeded.

and free transition. The

Figure 24 slows the drag rise bcundary for the profile CAST 7
(SP 120) as a function of the Reynolds number and transition. The
cruise flight state for a sweep angle of 18° Cp = 0.63 at Ma = 0.76
is indicated by the filled in square. For free transition and
Re = 2.4 - 106 it is below the drag rise boundary. The curves for
the larger Reynolds numbers are slightly above this point but still
above the theoretical design point Ma = 0.76, Cp = 0.5824 (see
Figure 11). Artificial transition leads to separation at the low
Reynolds number of Re = 2.4 106 as already theoretical calculations
1:. the design of the profile have indicated. For forced transition /20
and increased Reynolds number, the cruise flight state falls
right on the drag line boundary for a sweep angle of 18° as measure-

ments tave shown.

16
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It was already mentioned that pressure distributions which
were determined for low Reynolds numbers and free transition and,
therefore, with initial laminar shock-boundary layer interference,
such as already occurred in part at Re = 2,4 106 (Figure 21) agree
very well with results at substantially higher Reynolds numbers [11].
Figure 25 shows a similar behavior for the example of the dependence
of the pitching moment on the Reynolds number and transition, As
Figure 23 showed, it is representative for the shock position and the
trailing edge pressure. We show the wind tunnel results and the
flight results of the Lockheed Transport Aircraft C-141 and the wind
tunnel data of the profile CAST-7 for free and forced transition. As
can be seen, in the case of the C-141, the wind tunnel results for
small Reynolds number and free transition agree exceptionally well
with the flight data at Reynolds numbers between Re = 35 . 106 and
Re = 70 « 10", The wind tunnel data for forced transition and free
transition and Reynolds numbers around Re = 8 106 on the other hand
show a substantial deviation from the flight data. In addition, it
is apparent that an extrapolation of these wind tunnel data to higher
Reynolds numbers of flight 1s probably not possible.

The variation of the pitch moment of the profile CAST-7 corres-
ponds essentially to the varlation of the pitch moment of the C=141
in the overlapping Reynolds number range. Since the flow development
in the wind tunnel models leading to this pitch moment variation is
the same 1n both cases, we can conclude that the flow development
over the profile CAST-7, and, therefore, in the other profiles in-
vestigated here, will correspond to the development of the flow over
the C-141 or the wing of the C-141 even at higher Reynolds numbers,
Measurements for the development of the flow over the supercritical /21
profiles were carried out for free transition and a Reynolds number
of Re = 2,4 » 106. Very likely we will achieve a good approx-
imation of the results obtained in this way with the results to be
expected at higher flight Reynolds numbers, according to the discussion
above,

17
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4, SUMMARY

A direct-inverse method for calculating transonic profile flows
at a designed cycle based on it for supercritical profiles has been
given. Using the method discussed here, three supercritical airfoil
profiles were designed for transport aircraft and were tested in the
wind tunnel. The measurements not only resulted in very good agree-
ment between the calculation and the experiments, but they also showed
that the new profiles satisfy the specified design requirements.

The investigation of the profiles CAST 7 and CAST 10-:2 for diff-
erent Reynolds numbers and free and forced transition shows that the
flow development over these profiles in the important incident flow
regions depends very greatly on the Reynolds number and the.position
of the transition strip. This strong dependence results from the
large pressure gradlent in the vicinity of the profile tralling edge
and the related danger of trailing edge separation, as well as the
low pressure or Mach number gradient of the compression shock
on the suction side of the profile. The strong dependence of the
development of the tralling edge separation with increasing Mach num-
ber or increasing angle of attack on the initial boundary layer thick-
ness, that is the boundary layer ahead of the compression shock, 1is
the declsive factor here.

The tests of the airfoll profiles were carried out for free trans-
ition and a Reynolds number of Re = 2,4 106, with a very small
initial boundary layer thickness. We show that it is likely we will Jf22
obtain a substantial agreement between the results obtained in this
way and the expected results for the full scale model at high Reynolds
numbers.

18
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‘TABLE 1: Program for investigating the influence of
Reynolds number and transition

profile Ma * ao * Re. 106 * Transition
CAST 7 1,36 | °
(SP 120) 0,60 to 0,86 0Oto 8 2,3 .free
3.0
0,70; 0, 765 3,6 free
0,80; 0,86
0,70; 0,65 1,36 .
0,80; 0,86 2,3 100 K, 51
3,0
1,36
2,3 150 K, 51
0,170; 0, 765 220 K, 51
fAST 7 0,80; 0,86 0 to 8 2,3 220 K, 151
CAST 10-2| 0,5 to0 0,9 -2 to g 2,3 free
(SP 220) 0, 765; 0, 80 -2 to 8 2,3 220 K, 51
220 K, 151
220 K, 301
2,3 220 K, 451
' 3,0
CAST 10-2] 0, 1765; 0,80 -2 to 8 3,6 220 K, 151

+
these values of the table are indication values

]
100 K, 51 means: Transition strips made cf No, 100 Karborund at

5% of profile chord
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FIGURE 1. Theory of the direct method for calculating the

transonic profile flow

Transonic potential equation:
K-+1)2)P +Puu=0
X xx yy

with ¥ = Ma 2/3 61/3y

and K=(1-Ma2)/(Ma 52/3,

Kinematic flow condition over the profile:

Ov=1 LX) - af®

~
y o

Boundary conditions at infinity:

O~v=¢ =0
X
Kutta condition:
tly.ro-®ly. o7,
(] - =
|$rl=+0 wx‘j}':-o =0

°$"’l§'=+o -é'j'vl;f:_o =0

Pressure distribution:
x

Lift coefficlent:

Cy = (623 ma 3/ )7,
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FIGURE 2,

Irrotational condition:

~

y & °x§==°?x
1+2
1+1 J
1 > ‘x
1 1 n
n+— n+3 n +1 8
2 2 28+t 8 - ® —
° ~ =_° +¢ . t x t(s"'t)
x¥p ;o X,y SR X g 0E 142
where n+% - )on.
= - O)
Ox wl x-+(1 1 xil
i,1 ’
and Qx is the given pressure distribution
Integration:
X (9)
f ¢x dx+¢~,x .y
X 11 y 0
n+1 n+% n
) =w, ¢, +(1 -w,) ®~
Y; 2y 2y
i, 1 i, 1 i, ] ( 10)

is substituted in Equation (2).
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AIRBUS PROFILE Ma=0.76% =-0.007° —

Curve { no friction!

. Ca = 0.653
CP Curve. 2 with boundary layer
O O measurement CA =0.328
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FIGURE 8: TRANSONIC PROFILE
DESIGN CHARACTERISTICS
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FLGURE 9: DESIGNED AND MEASURED’ PROFILES /34
PROFILE CAST 7 max. profile thickness 11.8%
thickness backward displacement 35%
trailing edge thickness 0.5%

e —

PROFILE CAST 10-2 max. profile thickness 12.1%

thickness backward displacement 45%
trailing edge thickness 0.5%

K i

PROFILE CAST 12-1 max. profile thickness 12§%

thickness backward displacement L0%
tralling edge thickness 0.5%

e ——
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FIGURE 11:

PRESSURE DISTRIBUTIONS AT THE DESIGNED POINT
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Measurement at Re = 2.4 - 10
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riaure 126: CAST 10 - 2

Measurement at Re =~ 23 106
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FIGURE 12¢: CAST 12 -1
Measurement at Re =2.3- 106
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FIGURE 24: Drag rise limit for the prorile CAST 7 (SP120)
as a fun.ction pf Reyno;d_s number and transition
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FIGURE 25:

and transition for the prorvile
and the transport aircratt C=141

Fitch moment variation as a function of Reynolds number
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